The strategy and technique exploited in the synthesis of nanostructure materials have an explicit effect on the nucleation, growth, and properties of product materials. Nanoparticles of zinc sulfide (ZnS) have been synthesized by new infrared radiation (IR) assisted and Stokes' law based controlled bottom-up approach without using any capping agent and stirring. IR has been used for heating the reaction surface designed in accordance with the well-known Stokes law for a free body falling in a quiescent fluid for the synthesis of ZnS nanoparticles. The desired concentration of aqueous solutions of zinc nitrate (Zn(NO 3 ) 2 ⋅4H 2 O) and thioacetamide (CH 3 CSNH 2 ) was reacted in a controlled manner by IR radiation heating at the reaction area (top layer of reactants solution) of the solution which results in the formation of ZnS nanoparticles at ambient conditions following Stokes' law for a free body falling in a quiescent fluid. The phase, crystal structure, and particle size of as-synthesized nanoparticles were studied by X-ray diffraction (XRD). The optical properties of as-synthesized ZnS nanoparticles were studied by means of optical absorption spectroscopic measurements. The optical energy band gap and the nature of transition have been studied using the well-known Tauc relation with the help of absorption spectra of as-synthesized ZnS nanoparticles.
Introduction
The discovery and advancement in the new experimental techniques for the synthesis of functional materials at nanodimensions provide opportunities for the development of new and exciting research in nanostructure materials. The behavior of materials at the nanoscale can be exceptionally different from those at a larger scale and result in the deviation of device performance. As the dimensions of a material are reduced from a large size, initially the properties remain the same, then small changes occur, and finally when the sizes are below ∼100 nm, remarkable changes in properties can take place. Therefore, there are endless possibilities for improved performance of devices, structures, and materials that can be realized by understanding the behavior and phenomena at nanoscale. Nanoparticle size confers unique size, shape, and orientation dependent properties such as surface plasmon resonance (SPR) in some metal particles, quantum confinement in semiconductor quantum dots, and superparamagnetism in magnetic materials. There are many examples of macroscopic manifestation of materials properties in semiconductors due to nanosized effects: more surface area (surface energy) to speed up almost all physical and manufacturing process [1] ; optical emission tunability of semiconductor quantum dots [2] ; enhancement of optical band gap. Because nanoparticles form a bridge between bulk materials and molecular structures, they are of immense scientific interest.
The control of exact size, shape, and orientation is still a great challenge in the synthesis of nanostructure materials using a bottom-up approach (chemical methods). The bottom-up approach is typically better and more reliable for mass production due to its ease, cost effectiveness, and purity. Among the "bottom-up approaches," coprecipitation is a most common and widely used method for preparation of nanoparticles. It is a simple, cost-effective and high yielding method. Precipitation reaction occurs when a cation and an anion of two aqueous solutions react in accordance to their solubility rules to form an ionic insoluble solid known as a precipitate in the solution where the reaction is taking place. It is possible by using the coprecipitation method to change the shape, size, and composition of the synthesized product with high reproducibility. The reaction conditions such as solution molarity and pH, rate and manner of addition of the precipitator agent, and stirring time and temperature play a very important role to achieve the desired size, shape, and orientation of the final product. Recently, we have devised an entirely new IR assisted controlled method for the synthesis of CdS nanoparticles by means of a kinetic approach using the well-known Stokes' law for a free body falling in a quiescent fluid [3] . The reaction is controlled by means of IR heating only at the surface of the reactants and the successive synthesis of nanoparticles was governed by Stokes' law. The detailed description of the method is given elsewhere [3] .
Zinc sulfide (ZnS) is a well-known II-VI semiconductor. It has attracted much research interest due to its potential applications in many solid state devices including lightemitting diodes (LEDs), electroluminescence, flat panel displays, infrared windows, sensors, lasers, and biodevices. ZnS has two commonly available allotropes: one with a cubic (zinc blende) structure and another one with a hexagonal (wurtzite) structure. The cubic form is the stable low-temperature phase, while hexagonal form is the hightemperature polymorph which forms at around 1296 K [4] . The band structure of a solid illustrates ranges of energy where an electron is "forbidden" or "allowed" and it determines important electronic and optical properties of the material. The optical spectra of a semiconducting material are related to its band structure, dispersion, nature, and probabilities of interband optical transitions. The wurtzite phase of ZnS has a relatively higher optical band gap (3.77 eV) [5] than the zinc blende structure (3.72 eV) [6] ; this results in distinct optical properties of the respective zinc blende and wurtzite phase [7] .
A survey reveals that a large number of techniques for preparing ZnS nanoparticles have been applied by different workers such as solid state reaction [8] , chemical methods [9] [10] [11] [12] [13] [14] [15] [16] , ball milling [17] , coordination chemistry method [18] , reverse micelle method [19] , microwave assisted method [20] [21] [22] [23] , and laser assisted method [24, 25] . Infrared-assisted ecofriendly green chemistry based methods have been employed in organic chemistry [26] [27] [28] [29] but the infrared-assisted synthesis of inorganic nanoparticles has not been unveiled. Inspired from this, recently, we have synthesized IR assisted CdS nanoparticles by means of a kinetic approach using the well-known Stokes law without using any surfactant, capping agent, or stirring [3] . In this present research work, we have synthesized ZnS nanoparticles by a simple controlled chemical coprecipitation method using IR radiation heating by means of a kinetic approach using the well-known Stokes law for a free body falling in a quiescent and viscous fluid without using any surfactant or stirring during the reaction. 
Materials and Experimental Details
ZnS nanoparticles were prepared through an experiment designed in accordance with Stokes' law for a free body falling in a quiescent fluid using IR radiation lamp as a heating source. The experiment mainly consists of a long beaker (∼30 cm) for free falling of particles, IR radiation lamp (commercial) for heating the upper surface of the solution, and burette to add the anion (sulfur ions) solution to the cation (zinc ions) solution in a controlled manner. All the chemicals are of analytic grade and used without further purification. The entire process is carried out in distilled water for its inherent benefit of being straightforward and environmentally friendly. Nanoparticles of ZnS were made by controlled reaction through a chemical precipitation method using an aqueous solution of zinc nitrate (Zn(NO 3 ) 2 ⋅4H 2 O) and thioacetamide (CH 3 CSNH 2 ). The reaction was controlled with the help of a drop-by-drop addition of the aqueous solution of thioacetamide (CH 3 CSNH 2 ) into the aqueous solution of zinc nitrate (Zn(NO 3 ) 2 ⋅4H 2 O) in the presence of continuous IR lamp heating on the top as shown in schematic diagram Figure 1 . Firstly, the stock aqueous solutions of zinc nitrate (Zn(NO 3 ) 2 ⋅4H 2 O) (0.2 M) and thioacetamide (CH 3 CSNH 2 ) (0.2 M) were made. The stock solution of zinc nitrate and thioacetamide was transferred to a long beaker (∼30 cm) and a microburette, respectively. The aqueous solution of thioacetamide was added in a controlled manner to the solution of zinc nitrate using a burette drop-by-drop on a beaker wall in the presence of continuous IR lamp heating on the top of the beaker as illustrated in Figure 1 . A controlled precipitation reaction occurs on the top contact layer of solutions when the cation and anion aqueous solutions react on the upper surface (top layer) in the presence of IR radiation [3] to form an insoluble ZnS solid as a precipitate in the solution. As a result, the nanoparticles of ZnS float down to the bottom of the long beaker following Stokes' law. The process is continuous as synthesis starts at the top and moves downward under gravity in the quiescent and viscous solution according to Stokes' law. The rate of reaction is very slow so the process of formation of nanoparticles takes a few days and after completing the process the nanoparticles accumulate at the bottom of beaker in the form of a precipitate. Finally, the precipitate was decanted and dried so as to have a final product for further characterization.
The phase, crystallinity, and particle size of the as-prepared ZnS nanoparticles were characterized by X-ray powder diffraction (XRD) using a Bruker, D8 Advance X-ray diffractometer with CuK radiation (1.54Å) over the 2 range 20-80 ∘ . The optical characterization was made using doublebeam UV-Vis Spectrophotometer (Model: Hitachi U-3400). In this model a prism/grating double monochromatic system is used. The lenses which were conventionally used in the monochromatic system have all been replaced with mirrors. The PbS detector converges the light beam with a toroidal mirror located below the photomultiplier. Absorption spectra in the spectral range 300-500 nm were used to study the optical properties of the ZnS nanoparticles.
Results and Discussions

X-Ray Diffraction (XRD) Studies.
The fact that X-rays have a wavelength of the order of angstroms, which is suitable for interatomic distances in solids, makes this technique an excellent instrument to investigate the phase and crystalline structure of the materials. Figure 2 shows the XRD pattern of ZnS nanoparticles at room temperature. From this figure, it is clear that as-prepared ZnS nanoparticles have a high degree of crystallographic orientation. The peak broadening in the XRD pattern of ZnS clearly indicates the formation of ZnS nanocrystals of small size. In Figure 2 , the higher intensity peaks at around 28.95 ∘ , 48.29 ∘ , and 57.15 ∘ reveal a cubic (zinc blende) lattice structure of ZnS, which were consistent with the literature data of JCPDS card number 05-0566. These peaks could be easily assigned to the planes (111), (220), and (311), respectively, of the cubic phase [30] . Two low intensity peaks at 70.62 and 77.55 are also the characteristics of cubic (400) and (311) planes, respectively. From the XRD patterns, it is clear that the ZnS nanoparticles are polycrystalline in nature having a cubic (zinc blende) lattice structure. The ℎ values (distances between successive lattice planes) of the as-prepared ZnS nanocrystals were calculated from wellknown Bragg relation:
where is the wavelength of X-ray radiation source, is the Bragg's angle of incidence, and the integer is the order of the corresponding reflection. The lattice constant " " of the ZnS crystallites was determined from the XRD patterns ( Figure 2 ) using the following formula:
Lattice constants of as-prepared ZnS nanocrystals are given in Table 1 . The value of lattice constant " " of as-prepared ZnS nanocrystals is in good agreement with the standard value for ZnS cubic (zinc blende) lattice structure phase ( = 5.398Å).
It is well-known that XRD line broadening is influenced by the crystallite size and the internal strain present in the sample. The crystallite size ( ) and internal strain were obtained by fitting the following Williamson-Hall equation [31] using XRD data of as-prepared ZnS nanoparticles:
where is the full width half maximum (FWHM) of a particular diffraction peak due to strain and size effect in radians, is the Bragg angle and is a constant equal to 0.9, is the wavelength used ( = 1.54 >), is the coherent scattering length (crystallite size), and is the internal strain (in %). The high intense dominating reflection peaks of the XRD patterns ( Figure 2) were used in the line broadening analysis of the sample. Figure 3 shows the Williamson-Hall plot (sin versus cos ) fitted to a straight line. The crystallite size ( ) is given by intercept of the straight line and using the Williamson-Hall equation. The crystallite size ( ) of asprepared ZnS nanoparticles calculated in the above manner is found to be 2.77 nm.
The crystallite size ( ) was also calculated from Scherrer formula [32] :
The peak broadening at lower angles is more meaningful for the calculation of particle size; therefore the size of ZnS nanoparticles was calculated using the high intensity peak (220) at the 2 value 48.29 ∘ . The calculated particle size is found to be 4.39 nm. 
Optical Properties.
Semiconductors behave very differently, in comparison with bulk, when their crystal sizes are reduced down to the order of a few nanometers. One of the most significant characteristic in these materials is the variation of the band gap when the sizes of nanocrystal decrease below the Bohr exciton radius ( B ). The optical absorption spectroscopic technique is used to study the electronic band structure of semiconductors and metals for determination of their optical properties. Optical absorption spectrum of ZnS samples was measured at room temperature using a Hitachi U 3400 UV-Vis Spectrophotometer. The asprepared ZnS nanopowder that was suspended in glycerol using a magnetic stirrer and the optical absorption spectra was recorded at room temperature in the wavelength range 300-500 nm as shown in Figure 4 .
The absorption spectra show that the optical absorption coefficient increases sharply at lower wavelength, which is a sign of the narrower size distribution of the ZnS nanoparticles. Blue shifting of the absorption peak (absorption edge at about 325 nm) is due to quantum confinement of the excitons present in the sample resulting in a more discrete energy of the spectrum of individual nanoparticles. Optical excitation of electrons across the band gap is a strongly allowed transition, and this causes a sharp increase in the absorbance at the wavelength corresponding to the optical energy band gap.
The fundamental absorption, which corresponds to electron excitation from the valance band to conduction band, can be used to determine the value of the optical band gap of the ZnS nanoparticles. The optical band gap of as-prepared ZnS nanoparticles was determined using absorption spectra by the following Tauc relation [33] :
where is the absorption coefficient, ℎ] is photon energy, is a constant, is the optical energy band gap of the material, exponent depends on the nature of optical transition, and = 1/2 is for an allowed direct transition. A plot ( ℎ]) 2 versus photon energy (ℎ]) is shown in Figure 5 , and when extrapolated, the linear portion at zero absorption axis provides the value of the optical energy gap as 3.8 eV. The obtained band gap value of the sample is blue shifted as compared to the bulk band gap value and is evidence of quantum confinement in the as-prepared sample of ZnS nanoparticles as attributed due to the nanocrystalline nature of ZnS particles. The nature of the optical band gap (transition) of the as-prepared ZnS nanoparticles was studied by using logarithm form of Tauc's equation as follows:
The value of the optical band gap ( ) of the as-prepared ZnS nanoparticles was used to study the nature of band gap. The slope of linear region of the plot ln( ℎ]) versus ln(ℎ] − ) as shown in Figure 6 provides " " value ∼1/2, which indicated an allowed direct transition in the as-prepared ZnS nanoparticles. The average particle size of ZnS nanoparticles has also been determined by using the mathematical model of "effective mass approximation." According to "effective mass approximation" (EMA) for spherical clusters [34, 35] , the quantum confinement equation is given as
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where nano and bulk are the optical band gap energy for nanoparticles and bulk of the same material, respectively. Δ represents the difference (enhancement) in the optical band energy, is the radius of a nanoparticle, * and * ℎ are the effective masses of an electron and a hole in units of free electron mass ( ), is the electronic charge, is the dielectric constant, is the permittivity of free space, and * RY is the effective Rydberg energy. The contribution of Coulomb (second term) and Rydberg (third term) terms is much smaller than the first confinement term [36] due to the relatively high value of dielectric constant for semiconducting materials. By omitting these terms, the equation for Δ is reduced as follows:
The values of the effective mass of an electron and hole for ZnS are * = 0.41 and * ℎ = 0.61 ℎ [37] . The average particle size of as-prepared ZnS nanoparticles was also calculated using the above described mathematical model of effective mass approximation and found to be 2.6 nm, which is in good agreement with the particle size calculated by W-H method using XRD parameters.
Conclusions
ZnS nanoparticles were effectively synthesized by an infrared (IR) radiation assisted and Stokes' law based new controlled bottom-up approach without using any capping agent or stirring. The reaction is controlled by the IR radiation surface heating and consequently the synthesis mechanism is based on the physics of the well-known Stokes' law for a free body falling in a quiescent and viscous fluid. The structural and optical characterization of the as-prepared ZnS nanoparticles confirms the nanosize formation. The XRD pattern also confirms that the ZnS nanoparticles are polycrystalline in nature having a cubic (zinc blende) lattice structure. The absorption spectra show the quantum confinement effect which was used in the studies of the optical properties of the as-synthesized ZnS nanoparticles. The initial results of this study show the importance of their synthesis approach and further work to expose the control of size, shape, and orientation of the nanoparticles by optimizing the process parameters is in progress.
